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Abstract The amide hydrogen^deuterium exchange (HX) in
the Src homology region 3 (SH3) domain of K-spectrin has
been measured by nuclear magnetic resonance as a function of
temperature between 8 and 46‡C. The analysis of the temper-
ature dependence of HX from a statistical thermodynamic point
of view has allowed us to estimate the enthalpies and entropies
of the conformational processes leading to HX. The results in-
dicate that under native conditions the domain undergoes a wide
variety of conformational £uctuations, ranging from local mo-
tions, mainly located in loops, turns and chain ends and involv-
ing only low enthalpy and entropy, to extensive structural dis-
ruptions a¡ecting its core and involving enthalpies and entropies
that come fairly close to those observed during global
unfolding. * 2002 Federation of European Biochemical Soci-
eties. Published by Elsevier Science B.V. All rights reserved.
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1. Introduction
One of the most promising techniques for exploring the
protein folding landscape is that of amide hydrogen^deute-
rium exchange (HX) [1]. Nuclear magnetic resonance
(NMR) measurements of HX allow us to characterize the
conformational states of proteins, which might be in¢nitesi-
mally populated under native conditions. In the ‘native-state
HX’ method the rates of amide^HX are measured while the
protein is progressively destabilized, usually with denaturants
such as guanidinium chloride or urea. When HX occurs under
EX2 conditions [2] the analysis of the data provides residue-
speci¢c free energies (vGex) and m values for the exchange-
competent conformational states accessible from the native
state, from which data we can derive conclusions about the
structural nature of these forms. This technique has in favor-
able cases led to the characterization of partially folded inter-
mediates [3^9]. Native-state HX has also been measured as a
function of pressure [8,10], pH [11,12] and temperature
[9,11,13^15]. Many of these analyses have relied upon simpli-
¢ed models, in which native-state HX is assumed to occur via
either or both of two di¡erent, well-de¢ned processes, i.e. a
local £uctuation and/or a large partial or global unfolding
[3,9,16]. On the other hand, experimental native HX patterns
in proteins have been modelled reasonably well by considering
them to be statistical ensembles of conformational states [17^
20]. Very recently we described a statistical thermodynamic
analysis of the pH dependence of the HX in the Src homology
region 3 (SH3) domain of K-spectrin, in which we made no a
priori assumptions about the number or nature of the con-
formational processes leading to the exchange [12]. The results
were consistent with other studies, which support the view
that HX occurs via a distribution of conformational states
rather than discrete unfolding events [21^23]. We report
here upon the temperature dependence of the HX in the
SH3 domain of K-spectrin. An analysis of the data from a
statistical thermodynamic point of view provides information
about the thermodynamic properties of the conformational
ensemble of states accessible to the domain under native con-
ditions.
2. Materials and methods
The SH3 domain of wild-type chicken K-spectrin was isolated as
described elsewhere [20]. Protein aliquots were extensively dialyzed
against pure water and lyophilized. NMR-detected hydrogen^deute-
rium exchange experiments were performed at pH* (pH-meter reading
for deuterium-oxide solutions uncorrected for isotopic e¡ects) 3.0 and
nine di¡erent temperatures between 8.3 and 45.8‡C, as described else-
where [20]. The exchange was initiated by rapidly dissolving the
lyophilized protein in deuterated bu¡er (20 mM d5-glycine at pH*
3.0). Samples were rapidly ¢ltrated and put into the magnet’s probe.
The ¢nal protein concentration was about 4.5 mM. To determine
accurately the temperature of the samples inside the NMR probe a
temperature calibration curve was previously constructed using a PT-
100 temperature sensor immersed in an NMR tube ¢lled with 0.5 ml
of silicone oil placed inside the magnet’s probe. A set of 20^30 two-
dimensional, phase-sensitive COSY spectra was acquired with a
Bru«ker AMX-500 spectrometer during the time of exchange, as de-
scribed elsewhere [20]. NMR spectra were processed and analyzed
using NMRpipe [24] and NMRview [25]. The COSY NH-CKH cross
peaks were reassigned for each temperature taking as reference the
published assignment at pH 3.5 and 35‡C [26]. The decay in intensity
of each NH-CKH cross peak as a function of the exchange time was
¢tted to a single exponential decay function to determine the ex-
change-rate constants, kex, as described elsewhere [20]. Intrinsic ex-
change-rate constants for each amide proton, kint, at pH* 3.0 were
calculated using the exchange data for model peptides and taking into
account the temperature dependences of the acid-, base- and water-
catalyzed exchange-rate constants [27]. An EX2 mechanism for the
amide^hydrogen exchange was assumed to be valid at pH* 3.0
throughout the whole experimental temperature range. The equilibri-
um constant, Kop, for the opening process rendering the amide hydro-
gen of any particular residue exchange-competent, was calculated as
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Kop = kex/kint. The apparent Gibbs energy di¡erence between the open
and closed states, referred to in this work as ‘Gibbs energy of ex-
change’, was obtained by
vGex ¼ 3RT ln Kop ð1Þ
3. Results and discussion
Amide^hydrogen exchange (HX) rates in the SH3 domain
have been measured at pH* 3.0 by two-dimensional NMR at
di¡erent temperatures between 8.3 and 45.8‡C. At 45.8‡C it
was only possible to follow the HX rates of seven residues,
whereas at 8.3 and 12.7‡C we could measure the rates of 45
residues out of a possible 59. Residue-speci¢c Gibbs energies
of exchange, vGex, were calculated using Eq. 1. Fig. 1A shows
the temperature dependence of vGex for several representative
residues, in comparison with the temperature dependence of
the Gibbs energy increment upon global unfolding of the do-
main, vGunf , which we have measured previously by di¡er-
ential scanning calorimetry (DSC) in D2O solutions under
identical conditions [20]. At low temperatures the vGex values
are quite disperse, ranging from 4.7 kJ mol31 to 13.5 kJ
mol31, which indicates a great variety of conformational pro-
cesses leading to HX in this small domain. The vGex values
for a majority of residues are signi¢cantly lower than vGunf
throughout the whole range of temperatures assayed, except
for a few residues at temperatures below 25‡C. For example,
at 12.7‡C only 11 residues have vGex values within the un-
certainty band of vGunf . The most protected residues in this
low-temperature range are A11, W42 and K43. At 27.1‡C,
however, just W42 has a vGex value within the error band
of vGunf and only the vGex values of seven residues more
fall at less than 1 kJ mol31 out of this band. As temperature
increases and the domain becomes less stable the vGex values
become less disperse, indicating that fewer conformational
processes are governing the exchange [9]. Nevertheless, it is
surprising that as the global unfolding temperature is ap-
proached the vGex values do not in general converge with
the vGunf curve (see below).
We have interpreted the temperature dependence of native-
state HX from a statistical thermodynamic point of view in a
similar way to our previous analysis of the pH dependence of
HX [12]. The opening equilibrium constant, Kop, for the
amide hydrogen of a particular residue j can be de¢ned in
terms of probabilities of conformational states, Pi [17^20]:
Kop;j ¼
X
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where vGi represents the Gibbs energy of each state compared
to the native state. The sums (j,ex) and (j,nex) are applicable
to all the exchange-competent and non-exchange-competent
states respectively for the amide group of residue j.
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and dividing the numerator and denominator by the system
partition function it holds that
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Fig. 1. A: The temperature dependence of the apparent Gibbs en-
ergy of HX, vGex, at pH* 3.0 for the following residues in SH3: L8
(F) ; V9 (S) ; V23 (b) ; W42 (E) ; A56 (P) ; V58 (8) ; L61 (a). Er-
ror bars indicate the uncertainty in the vGex values estimated as de-
scribed elsewhere [12]. Dotted lines connect the symbols for the
sake of clarity. The solid line represents the temperature dependence
of the change in Gibbs energy for the global unfolding of the do-
main, vGunf , under identical conditions to those determined by
DSC [20]. Dashed lines indicate the estimated uncertainty bands in
vGunf . B: Plots of the logarithm of the opening equilibrium con-
stant, ln Kop, versus the inverse of temperature for the same resi-
dues in A. The solid lines represent the best ¢ttings of the data be-
tween 8.3 and 35.8‡C using Eq. 6.
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In this equation vHi is the enthalpy of the state i relative to
the native state. The quantity GvHfðj;exÞ is the average enthalpy
of all exchange-competent conformational states for residue j,
whilst GvHfðj;nexÞ is the average enthalpy of all non-exchange-
competent states (including the native state) for the same res-
idue. Therefore, vHex;j represents the average net enthalpy
change for the conformational £uctuations leading to ex-
change for residue j.
Using the relationship dy/d(1/x) =3x2Wdy/dx, Eq. 4 can be
rewritten as
dln Kop;j
dð1=TÞ ¼ 3
vHex;j
R
ð5Þ
Eq. 5 allows us to determine the average net enthalpy,
vHex, of the conformational changes responsible for the ex-
change of each residue from the slope of a plot of ln Kop
versus 1/T. Accordingly, the temperature dependence of HX
provides residue-speci¢c thermodynamic information about
the ensemble of conformations of proteins under native con-
ditions.
Fig. 1B represents ln Kop versus 1/T for the same set of
residues as Fig. 1A. It is evident in the ¢gure that the plot
for some residues is appreciably curved, which means that
vHex depends upon temperature for these residues. For other
residues, however, the plot of ln Kop versus 1/T is more linear.
Using Eq. 4 it can be easily demonstrated that the derivative
of vHex;j versus temperature has the typical statistical mean-
ing of an increase in heat capacity, vCpðex;jÞ, associated with
the conformational processes leading to the HX of residue
j (not shown). This quantity can be related to the average
net exposure of surface to the solvent associated to the ex-
change of the residue. Assuming vCpðex;jÞ to be more or less
independent of temperature, the integrated form of Eq. 5 is
ln Kop;j ¼
ln K0op;j3
ðvH0ex;j3vCpðex;jÞWT0
R
1
T
3
1
T0
 
þ vCpðex;jÞ
R
ln
T
T0
 
ð6Þ
where T0 is a reference temperature and ln K0op;j and vH
0
ex;j are
the respective magnitudes for residue j at T=T0. Using Eq. 6,
the data of ln Kop versus 1/T could be ¢tted to obtain both
vHex and vCpðexÞ for each residue. Unfortunately, the vCpðexÞ
values cannot be accurately determined due to the scattering
of experimental data. Therefore, we have used vCpðexÞ in each
¢tting merely as an operational parameter to determine vHex
at 25‡C for each residue using Eq. 6. These ¢ttings (Fig. 1B)
were made using the ln Kop data in the temperature range
between 8.3 and 35.8‡C, in which the HX of the majority of
the residues could be measured.
Similarly to the previous analysis, the temperature deriva-
tive of vGex for residue j can also be calculated easily using
Eqs. 1 and 2, thus
dvGex;j
dT
¼ 3vHex;j
T
þ vGex;j
T
¼ 3vSex;j ð7Þ
In this equation vSex;j represents the apparent entropy
change accompanying the HX process for residue j and can
be calculated either from the slope of the plots of vGex;j versus
T or from the values of vGex;j and vHex;j using Eq. 7.
The results of the analysis described here are plotted in Fig.
2. The vHex values at 25‡C range between 11 and 70 kJ
mol31, which is consistent with a broad diversity of conforma-
tional changes leading to the exchange in the SH3 domain
[12,20]. The enthalpy change of global unfolding, vHunf , mea-
sured by DSC at di¡erent pH* values in D2O bu¡er has been
reported elsewhere [20]. Extrapolation of the DSC data using
the reported change in the heat capacity of unfolding gives an
estimate for vHunf of 53U 10 kJ mol31 at 25‡C. Two partially
compensating e¡ects have been proposed to be mainly respon-
sible for the enthalpy change in protein unfolding: the dis-
ruption of internal interactions within the protein molecule
(van der Waals, hydrogen bonds, electrostatic interactions,
etc.) and the hydration of buried protein groups, which be-
come exposed upon unfolding [28,29]. There is a relatively
large set of residues in the central part of the L-sheets and
the 310 helix belonging to the domain’s core, with vHex values
similar to vHunf , which implies a net balance of interactions
for the conformational changes leading to HX comparable to
that of global unfolding. Some residues located near to or
within the loops, turns or chain ends have lower vHex values,
suggesting that HX occurs via more localized £uctuations in-
volving a lower number of contacts. We could not determine
the vHex values for a number of residues, either because their
HX could not be followed through a wide enough temper-
ature range or because it could not be measured at all.
Most of these residues are also situated in or near the loops,
turns or chain ends.
The vSex values at 25‡C have a pattern very similar to those
of vHex (results not shown). Once more, for most residues in
the domain’s core vSex is similar to or higher than vSunf .
Entropy changes upon protein unfolding are also the result
of the balance between an increase in the conformational dis-
order of the polypeptide chain and a reduction in the degree
of freedom of water molecules upon the solvation of buried
protein surfaces [30]. These results are also consistent with the
need for a considerable structural disordering of the core re-
gions to take place for HX to occur. Other residues show
Fig. 2. The average net enthalpy of HX, vHex, for each residue in
SH3 at pH* 3.0 and 25‡C. Values of vHex are represented in col-
umns. Error bars at the top of each column represent the standard
errors of the vHex values estimated from the ¢ttings using Eq. 6.
The solid horizontal line indicates the change in the enthalpy of
global unfolding, vHunf , under the same conditions. Dashed lines
indicate the uncertainty in vHunf .
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lower vSex values, in agreement with their HX occurring via
more localized £uctuations.
According to these results the SH3 domain undergoes a
wide variety of conformational £uctuations under native con-
ditions, which range from local motions of low enthalpy and
entropy to extensive structural disruptions with enthalpies and
entropies approaching those observed for global unfolding.
The relatively large errors associated with the determination
of both vHex and vSex do not allow us, however, to draw
conclusions about the thermodynamic reasons for the discrep-
ancy between vGex and vGunf found for most of the residues.
Additionally, we found a strong compensation between vHex
and vSex for all the residues (not shown) as has also been
reported elsewhere [8].
We have recently reported the e¡ect of pH on the values of
vGex for the SH3 domain [12]. From an analysis of the data
we obtained the average uptake of protons, vXex, coupled with
the HX of each residue. These data provided residue-speci¢c
information about the extent to which the electrostatic inter-
actions in the domain are a¡ected by the conformational
changes leading to HX, and gave an estimation of the struc-
tural disruption associated with native £uctuations for this
domain. Fig. 3 represents vHex versus vXex for those residues
of SH3 for which both quantities could be calculated. Both
magnitudes appear to be correlated (r=0.90) except for three
residues (W41, A56 and L61). A very similar correlation oc-
curs between vSex and vXex (not shown). These results sup-
port the view that the native SH3 domain is an ensemble of
conformational states characterized by a broad range of en-
thalpy and entropy values, which correlate well with the de-
gree of disruption of their electrostatic interactions and, there-
fore, their structural disorder. These correlations illustrate the
potential of this type of analysis of native-state HX measure-
ments to explore both the thermodynamic and structural
properties of the protein folding landscape.
Finally, it has been reported elsewhere that the SH3 domain
of K-spectrin folds and refolds in a single two-state transition,
without the presence of stable intermediates [31^33]. Thus it
might be expected that as the unfolding temperature, Tm
(where vGunf = 0), is being approached, global unfolding
would dominate the hydrogen exchange and consequently
the vGex values for all the residues would converge with the
vGunf curve. As can be seen in Fig. 1A, however, this in
general does not occur. For many residues the vGex depen-
dence shows a tendency to pass through vG=0 at temper-
atures signi¢cantly lower than the unfolding Tm. Among the
residues for which vGex values are measurable above 40‡C,
this is particularly evident for L8, V9, or V58, in addition to
other residues not shown in the ¢gure. Another group of
residues (W42 for instance, in Fig. 1) show vGex dependences
versus temperature closer to the vGunf curve. These observa-
tions suggest that as the global unfolding transition is being
approached a conformational state or states other than the
globally unfolded state might well turn out to be important in
the HX of this domain. The vGex values above 40‡C for some
of the residues are below 5 kJ mol31, indicating that these
states become signi¢cantly populated at these temperatures.
This would be at odds with the absence of detectable folding
intermediates for the SH3 domain of K-spectrin [31^33]. It has
been shown recently that well-populated folding intermediates
detectable by HX measurements may elude the standard anal-
ysis of unfolding data [34]. Our results encourage us in the
search for new evidence to con¢rm the existence of stable
intermediate states of the SH3 domain under certain condi-
tions.
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